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Abstract 
This study investigates analytically and experimentally extrusion processes of magnesium alloy hollow helical tubes by a 
single-cylinder extrusion machine. The plastic flow pattern of the billet inside the die with a helical shape is simulated using the 
finite element analysis. The effects of the die bearing length, spiral angle, extrusion speed, initial temperature, and petal number 
on the largest extrusion loads, the filling ratios, and the product temperature distributions are discussed. Hot extrusion 
experiments are conducted with a set of forming parameters chosen from the analytical results, which can generate a greater 
filling ratio. Sound products are obtained and microstructure observations and hardness tests are also conducted at the cross-
section of the product. The experimental values of extrusion loads and filling ratios are compared with the analytical values to 
verify the validity of the analytical model. 
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1. Introduction 
Magnesium alloys sheets or strips have been widely used in computer, communication, and consumer 
electronics (3C) products, especially in notebooks and flash drives, for lightweight and other excellent properties, 
such as electro-magnetic shielding and recycling, etc. (Itakura, 2007). Recently, hollow magnesium alloy helical 
tubes are used in industries for lightweight and other functions such as enhanced heat transfer (Shiraishi et al., 
2013). Compared to other forming processes, such as forging, or die-casting, extrusion processes are more cost-
effective methods for mass-producing tubes or sheets.  
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Extrusion of magnesium alloys is more difficult than that of aluminum alloys, because the surface quality and 
the mechanical properties of the product are more sensitive to the extrusion conditions of the initial billet 
temperature and the ram speed. 
A few works regarding to the studies on hot extrusion of magnesium alloys have being published. For example, 
Lapovok et al. (2004) used finite element simulation to predict the maximum temperature of the deforming billet 
and discussed the forming limit of the extrusion speed and the extrusion ratio for a rod extrusion process of 
Magnesium alloy AZ31. Murai et al. (2003) investigated experimentally the effects of billet homogenization and 
extrusion conditions of extrusion ratio and ram speed on microstructure and mechanical properties of AZ31B 
magnesium alloy after rod extrusion processes. 
Concerning studies of extrusion of non-axisymmetrical shape product, Song and Im (2004) investigated the 
effect of gear geometries and forming variables on formation of gear teeth by finite element simulations in cold 
forward extrusion of solid or hollow spur gears. A limiting extrusion ratio was determined for reducing the 
likeliness of underfilling in the die cavity and a modified empirical equation was determined for simple 
determination of forming loads required. Choi et al. (1994) explored the process design for cold extrusion of 
helical-gears (a modified Samanta's gear extrusion process). The process design involved the structure of the die, 
and the manufacture of the electro-discharge machining electrodes and the extrusion die and tooling. A computer 
software system was also developed to design these electrodes. Yoshida et al. (2013) proposed a two-step cold 
extrusion method of shaping external spur gears and helical gears. A specially designed mandrel for an internal 
helical gear was used to expand the inner diameter of the workpiece. Experiments were conducted using pure 
Aluminum A1200 and low carbon steel S15C as the workpiece. 
The above literature mainly focused on cold extrusion of spur gears with aluminum rods as the workpiece. The 
metal flow of the billet inside the die with a conical shape is different from that with a gear shape. In addition, 
magnesium alloy extrusion is more sensitive to the ram speed and forming temperature. In this paper, the plastic 
flow of the billet during extrusion of AZ31 tubes with an outer helical shape is analyzed using the finite element 
simulations. The effects of the die bearing length, spiral angle, extrusion speed, initial temperature, on the filling 
ratio at the product surface and extrusion load are discussed systematically. 
2. Finite element simulations 
An implicit and static finite element code “DEFORM 3D” is adopted to analyze the plastic flow pattern of the 
billet within the die cavity during hot extrusion of a hollow helical tube as shown in Fig. 1, where, ri is tube inner 
radius, R1 is the tube minimal rim radius, R2 is the distance between the centers of tube and petal, Rv is the petal 
radius, Ro is the tube maximal rim radius, Į is the spiral angle, L is the product length. The geometrical 
dimensions of the billet and die are shown in Table 1. The geometrical relationships between the billet, the ram and 
the die are shown in Fig. 2, where Lb is the die bearing length and Lm is the mandrel length. 
During the simulations for the plastic flow of the billet, it is assumed that the billet is rigid-plastic, and the die 
and the container are all rigid. However, the die is set as elastic in the Die Stress Analysis Mode. The interfaces 
between the billet and the die and container have a constant friction factor m, which is set to be 0.7 to correspond 
to the condition of hot forming. The four-node tetrahedron elements are used. The billet is divided into about 
40000 elements. Two kinds of mesh densities for the billet within the container and at the die exit are adopted. The 
finite element code is based on the flow formulation approach using an updated Lagrange procedure. For the 
detailed description of the finite element theory and the modeling formulations, please refer to reference 
(Kobayashi et al. 1989). 
Compression tests are used to obtain the flow stress of AZ31 with different temperatures 280-360 °C and strain 
rates 0.001- 0.1 s-1. The temperatures of the ram, container, and die are all set as 320 °C. Heat conduction effects 
are considered in the finite element simulations. The forming conditions used in the FE simulations are shown in 
Table 2. The iteration methods adopted for solving the nonlinear equations are the Newton-Raphson and the direct 
iteration methods. The direct iteration method is used to generate a good initial guess for the Newton-Raphson 
method, whereas the Newton-Raphson method is used for speedy final convergence. The convergence criteria for 
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the iteration are the velocity error norm ii uu /'  ̰ 0.005, and the force error norm FF /'  ̰ 0.05, where 
iu  is defined as
2/1T )( ii uu . When the plastic deformation reaches the steady state, the simulation is stopped. 
The filling ratio is defined as FR = [(Rv-ǻ5)/Rv] x 100%-!where Rv is the SHWDOUDGLXVǻ5LV WKHUDGLDOJDS
between the product surface and die surface at the die exit, as shown in Fig. 3. 
 
 
Fig. 1. Schematic of an extruded magnesium alloy helical tube. 
  
 Table 1. Geometry dimensions of the billet and die. 
Geometric forming parameters Values 
Billet length, Lw 60 mm 
Billet diameter, Dw 61 mm 
Bearing length, Lb 15 mm 
Tube inner radius, ri 7 mm 
Distance between centers of tube and petal, R2 8.77 mm 
Container diameter, Dr 65 mm 
Mandrel length, Lm 70 mm 
Extrusion ratio, ER 7.8  
Tube minimum rim radius, R1 11.67 mm 
Tube maximum rim radius, Ro 14.61 mm 
Petal radius, Rv 5.84 mm 
Spiral angle, Į 10 ° 
Petal number, n 6 
 
 
Table 2. Extrusion conditions used in the FE simulations. 
Forming parameters Values 
Ram speed, V r 1 mm/s 
Initial billet temperature, Ti 320°C 
Shear friction factor, m 0.7 
Thermal conductivity 96 (N/sec°C) 
Heat capacity 1.77 (N/mm2°C) 
Emissivity 0.12 
Heat transfer coefficient between tooling and billet 11 (N/°C s mm2) 
Heat transfer coefficient between tooling/billet and air 0.02 (N/°C s mm2) 
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Fig. 2. Configuration of ram, mandrel, die and billet during helical tube extrusion.          Fig. 3. Definition of filling ratio of products. 
3. Analytical results and discussion 
3.1. Effects of bearing length on extrusion loads and filling ratios 
The effects of the die bearing length on the extrusion loads are shown in Fig. 4. The ram speed is set as 1 mm/s, 
spiral angle is 10°. The initial billet temperature is 320 °C. At the first stage, the billet fills up the container. After 
the billet starts to flow through the die bearing part, the load increases with the stroke. When the front end of the 
billet flows out from the die exit, the load reaches its maximal value. A larger load is required for a longer bearing 
length. 
The effects of die bearing length on the maximal extrusion load and filling ratio are shown in Fig. 5. Clearly, the 
maximal load increases slightly with the bearing length. The filling ratio increases from 90% to 98% dramatically 
for the die bearing length from 3 to 8 mm. When the die bearing length is larger than 8 mm, the filling ratio 
increases slightly and saturates at approximately 99%. 
 
                       
Fig. 4. Effects of die bearing length on the extrusion load.           Fig. 5. Effects of bearing length on the maximum load and filling ratio. 
2253 Yeong-Maw Hwang and Cheng-Nan Chang /  Procedia Engineering  81 ( 2014 )  2249 – 2254 
3.2. Effects of initial billet temperature on extrusion loads and temperatures at the die exit 
The effects of initial temperature on the extrusion load are shown in Fig.6. The temperatures of the ram, 
container, and die are fixed at 320 °C. Clearly, the extrusion load decreases with increasing the initial billet 
temperature Ti. The decreasing rate is about 10 kN/°C. When the initial billet temperature is 340 °C, there is an 
approximately 20 °C temperature increase after extrusion. 
Simulations with various forming conditions were conducted. The base conditions are bearing length Lb =15, 
spiral angle Į = 10°, ram speed Vr =1 mm/s, initial billet temp Ti =320 °C, and petal number n = 6. The bearing 
length, spiral angle, ram speed and initial billet temperature are varied individually. The simulation results showed 
that the bearing length, spiral angle, and ram speed have no significant influence on the filling ratio, whereas, the 
initial billet temperature of Ti = 340 °C could result in a larger filling ratio than that for Ti =320 °C and a smaller 
load was also obtained. 
 
                             
Fig. 6. Effects of initial billet temperature on extrusion load.              Fig. 7. Extrusion load variation and the actual ram speed variation. 
 
4. Experiments of helical tube extrusion 
Using a 350-ton extruder, extrusion experiments were conducted to validate the finite element simulation results 
and to obtain a sound product with an appropriate forming condition. The initial length of the billet AZ31 is 60 mm 
and its inner and outer diameters are 15 and 61 mm, respectively. The inner diameter of the container is 65 mm. 
The die bearing length was set as 15 mm. The initial temperature of the billet is set as 340°C. The extrusion ratio is 
7.8. The ram speed of 1.0 mm/s is adopted to avoid too high temperatures at the die exit, and possibly resulting in 
burning black on the product surface. On the other hand, a faster ram speed will lead to a larger peak value of the 
extrusion load, which may exceed the capacity of this extrusion machine. The forming conditions for hot extrusion 
experiments are the same as those shown in Table 1. 
Figure 7 shows the extrusion load variation and the actual ram speed input. In this machine, the ram speed is 
adjusted by controlling the orifice of the proportional valve manually. Thus, it is not easy to make the ram speed 
equal to the set value swiftly at the initial stage. From Fig.7, it is known that the ram speed reaches the steady state 
at a stroke of S =10 mm. The peak values of the extrusion load for analysis and experiment are 1.6 and 1.7 MN, 
respectively. 
The outlook of the extruded product is shown in Fig.8. The petal radius difference between the product and die 
is ǻ5 = 0.13 mm, corresponding to the filling radio of 97.8%. The numerical value of the filling ratio using these 
conditions is 99.2%. The center of the the hole is eccentric to that of the product with a distance of 0.96 mm, 
because the container is not right circular, which results in some eccentricity between the mandrel and die. 
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The average grain size of the homogenized billet at a temperature of 340 °C for 10 hours is approximately 40 ² 
2 ȝP.!The grain size decreased to approximately 8.5 ² 0.5 ȝP in the extruded product. From the hardness tests, 
the hardness of the billet is approximately 51 ² 1 HV and that of the product is approximately 64 ² 1.5 HV, 
increased by approximately 20%. 
 
                                       
(a) Cross section        (b) Side view 
Fig. 8. Outlook of the extruded product. 
 
5. Conclusions 
Analyses and experiments of extrusion processes of magnesium hollow helical tubes by a single-cylinder 
extrusion machine were conducted. The effects of the die bearing length, spiral angle, extrusion speed, initial billet 
temperature, and petal number on the radial filling ratios, largest extrusion loads and product temperatures were 
systematically discussed. Hot extrusion experiments were conducted with a set of forming conditions chosen from 
the analytical results, which can generate a greater filling ratio. Microstructure observations and hardness tests 
were also conducted at the cross-section of the product. The grain sizes of the product decreased from 40 to 8.5ȝP 
and the hardness increased from 52 to 64 HV. The experimental values of the extrusion load and filling ratio were 
compared with the analytical values after the steady state was reached. Generally, good agreement was found and 
the validity of the analytical model was verified. 
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